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Abstract
Purpose: During cystitis, increased innervation of the bladder by sensory nerves may contribute to bladder overactivity and
pain. The mechanisms whereby cystitis leads to hyperinnervation of the bladder are, however, poorly understood. Since TRP
channels have been implicated in the guidance of growth cones and survival of neurons, we investigated their involvement
in the increases in bladder innervation and bladder activity in rodent models of cystitis.
Materials and Methods: To induce bladder hyperactivity, we chronically injected cyclophosphamide in rats and mice. All
experiments were performed a week later. We used quantitative transcriptional analysis and immunohistochemistry to
determine TRP channel expression on retrolabelled bladder sensory neurons. To assess bladder function and referred
hyperalgesia, urodynamic analysis, detrusor strip contractility and Von Frey filament experiments were done in wild type
and knock-out mice.
Results: Repeated cyclophosphamide injections induce a specific increase in the expression of TRPC1 and TRPC4 in bladder-
innervating sensory neurons and the sprouting of sensory fibers in the bladder mucosa. Interestingly, cyclophosphamide-
treated Trpc1/c42/2 mice no longer exhibited increased bladder innervations, and, concomitantly, the development of
bladder overactivity was diminished in these mice. We did not observe a difference neither in bladder contraction features
of double knock-out animals nor in cyclophosphamide-induced referred pain behavior.
Conclusions: Collectively, our data suggest that TRPC1 and TRPC4 are involved in the sprouting of sensory neurons
following bladder cystitis, which leads to overactive bladder disease.
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Introduction
The bladder-innervating afferent fibres (Ah and C) are activated
during bladder filling and transmit information to the brain about
the degree of bladder distension and the amount of urine stored in
the bladder [1,2].
Overactive bladder (OAB) syndrome is the common cause of
urinary incontinence, the involuntary leakage of urine. This
distressing condition has a major impact on quality of life and on
healthcare resources [3–6]. The mechanisms underlying OAB are
not fully understood. OAB is a clinical diagnosis featured by
objective detrusor (bladder muscle) overactivity, which can occur
in spinal cord injury patients or in patients with bladder
inflammation (cystitis). Both in patients and in animal models
cystitis a deep remodeling of bladder-innervating neurons has been
observed, including proteome modification [7,8], sensitization of
ion channels and increased neurotrophic factors release [9].
Moreover, bladder inflammation induces hyperexcitability of
DRG accompanied with an increased somata size and enhances
afferent innervations [10–13]. This hyperinnervation suggests the
occurrence of sprouting of peripheral nerves during chronic
cystitis, which may in turn lead to increased signaling from the
bladder to the spinal cord, and therefore play a key role in the
urgency symptoms of cystitis [13].
Transient receptor potentials (TRP) channels exhibit sensitivity
to a large variety of sensory stimuli, and are therefore generally
considered as cellular sensors. TRP channels are classified in six
subfamilies: TRPV (vanilloid), TRPC (canonical), TRPA (an-
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kyrin), TRPM (melastanin), TRPML (mucolipin) and TRPP
(polycystin). Bladder-innervating sensory neurons are known to
express TRPA1 [14], TRPM8 [15] and TRPV1 [16], but to date
the expression or function of TRPCs in bladder-innervating
neurons has not been documented. TRPC channels are most often
described as Ca2+-permeable non-selective cation channels acti-
vated downstream of receptor stimulation [17]. Adult sensory
neurons are known to express five members of the family
(TRPC3. TRPC6. TRPC1. TRPC4. TRPC5) [18]. TRPC
channels may be particularly interesting in the framework of
hyperinnervation of the bladder, as several TRPCs have been
implicated in neuronal cell growth, remodeling, axon guidance
and growth cone signaling [19]. For example, TRPC4 and
TRPC5 modulated axon growth in DRG post injury and in
hippocampus, respectively [20,21]. Moreover, TRPCs mediate
Ca2+ influx and subsequent growth cone turning response to
netrin-1 and BDNF [22,23].
Here, we show increased expression of TRPC1 and TRPC4 in
bladder-innervating sensory neurons, and provide evidence for
their involvement in afferent sprouting and concomitant bladder
overactivity in the chronic cyclophosphamide (CYP) model of
cystitis.
Materials and Methods
Animals
Experiments were conducted on 8–12 weeks female Wistar rats
and on 8–10 weeks old Trpc12/2, Trpc42/2 and Trpc1/Trpc42/
2 mice [24,25]. Animals were housed in an animal house with a
12-hour light-dark cycle and allowed water and standard food ad
libitum.
Ethics Statement
All experiments approved by the KU Leuven Ethical Commit-
tee Laboratory Animals (ECD). Approval was granted under
project number P089/2011. The authors’ laboratory has the
Belgian Governmental license for small animal experiments
(LA1210551).
Cystitis Induction
Cyclophosphomide (CYP)-induced cystitis was provoked by four
i.p injections every second day for seven days (40 mg/kg;
chronic)[26–28]. Controls animals were injected with four saline
injections. Bladder inflammation was confirmed both morpholog-
ically, using hematoxylin and eosin staining, and functionally,
using cystometry, as previously described [28]. We did not observe
different inflammation state in the bladder of the different mice
strains (Figure S1).
Retrograde Labeling of Bladder Neurons
Rats were anesthetized with 3% inhaled isoflurane, the bladder
was exposed and 5 ml of 1,19-dioctadecyl-3,3,3939-tetraethylindo-
carbocyanine perchlorate [DiIC18(3)] (Invitrogen; 0.2 mg/ml in
DMSO) was injected into five sites within the bladder wall and
around the trigone using a 10 ml syringe (SGE). The syringe was
kept in place for 30 seconds to avoid leakage, and saline solution
was used to rinse the operation field between each injections. The
wound was sutured and postoperative analgesia was provided after
surgery (30 mg/kg i.p of Temgesic; Schering-Plough Animal
Health). DRG were sampled 10 days after dye injection.
Quantitative Retro-transcription PCR
Total RNA was extracted from lumbar L6 and sacral S1 DRG
of control and cyclophosphomide injected adult rats using the
RNeasy Mini Kit (Qiagen) and subsequently served for cDNA
synthesis using Superscript III (Invitrogen). Quadriplicates of four
independent experiments were analyzed by quantitative real-time
polymerase chain reaction (qPCR) in the 7500 Real Time PCR
system (Applied Biosystems) using specific TaqMan gene expres-
sion assays for all TRP channels (Applied Biosystems). The two
reference genes were polymerase (RNA) II polypeptide J and
DEAD box polypeptide 48 [29].
Immunohistochemistry
DRG staining. Frozen transverse sections (14 mm thick) were
prepared from adult lumbar L6 and sacral S1 DRG fixed with 4%
paraformaldehyde in PBS and cryopreserved in 25% sucrose in
PBS, before embedding in O.C.T. compound (Sakura Finetek,
Zoeterwoude, The Netherlands). The sections were incubated
with 10% goat serum in PBT 0.1% for 1h at room temperature.
Slides were then incubated 2h at room temperature with the
TRPC1 (Alomone Lab) [30], TRPC4 (Chemicon) [31], or GAP-
43 (Millipore) primary antibodies (1:500 in PBT 0.3% with 1%
goat serum). After washing the primary antibody with PBT 0.1%,
sections were incubated for 1 h at room temperature with anti-
rabbit secondary antibody (1:500 in PBT 0.1%). The slides were
then washed in PBS before mounting with Fluorsave medium. As
control, we tested both TRPC1 and TRPC4 antibodies by using
Trpc1/c42/2 DRG. The TRPC1 antibody specifically stained the
WT DRG, whereas some nonspecific staining was observed using
TRPC4 antibody (Fig. S2), but unlikely to explain the pattern
expression observed in control and CYPc conditions.
Images were collected using a LSM510 confocal microscope
(Zeiss). Images were acquired using Axio Vision (Zeiss) and
analyzed with Image J.
Mucosa Whole Mount Staining
Bladders were harvested, cut opened, stretched out and fixed for
4h at 4uC with formamide. The mucosa was gently harvested from
the body of the bladder with forceps (excluding muscle fibers from
the preparation), washed in PBS and incubated sequentially for
2 h with PBT0.3% +20% serum, overnight at 4uC with primary
antibodies (PGP9.5 (Millipore - 1:500), Tuj1 (Millipore - 1:1000),
VAChT (Santa Cruz –1:500) and CGRP (Sigma - 1:500)) in
PBT0.3% +5% serum and for 2 h at room temperature with
secondary antibodies at 1:500. The mucosa was then washed in
PBS before mounting with Fluorsave medium. This protocol has
been modified from [32]. Images were collected using an Apotome
microscope (Zeiss) and acquired using Axio Vision (Zeiss).
Neurite Quantification
Fibres identified visually as longer than 10 mm with a thickness
between 1 and 3 mm, positive to PGP9.5 were considered as
neurites. The neuronal nature of the fibres was confirmed by co-
staining with PGP9.5 and Tuj1 in rat mucosa whole mount. We
analyzed the images with ImageJ software and we quantified
neurites on 8–10 images per bladder from 3–4 animals per
condition. Results were expressed as neurite segments/mm2
(number of individual neurite per surface unit), the neurite length
and the neurite density (neurite length per surface unit).
Cystometry
A full description of the cystometry assay can be found in Uvin
et al [33]. Briefly, a PE-100 50 polyethylene catheter (Becton
Dickinson) with a cuff was inserted in the bladder dome via an
abdominal midline incision, and fixed using a 6/0 monofilament
polypropylene purse-string suture (Ethicon). The catheter was
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flushed with saline to exclude leakage and then tunneled
subcutaneously to the neck. Finally the abdominal wall and skin
were closed. The cystometry was done in restrained and conscious
animals. The bladder catheter was connected to a pressure
transducer (Becton Dickinson) and an infusion pump (Harvard
Apparatus) via a T tube. The pressure transducer output was
amplified and recorded using a Windaq data acquisition system
(Dataq Instruments). Bladders were filled at constant rate (100 ml/
min in rats and 20 ml/min in mice) and after a 30 min
equilibration period, intravesical pressure was recorded for
30 min. Individual urine voids were collected with a balance.
Muscle strips contractility. Animals were sacrificed; blad-
ders were excised and placed in Krebs’ solution (in mM) (NaCl
118, KCl 4.6, CaCl2 2.5, MgSO4 1.2, KH2PO4 1.2, NaHCO3 25,
glucose 11). The muscle strip was weighed, placed in an organ
bath and attached to a steel hook at one end and to a fixed force
transducer at the other end (Harvard Apparatus, Holliston, MA)
to enable isometric measurements. Krebs’ solution was constantly
gassed with a mixture of O2 (95%) and CO2 (5%) and the
temperature was maintained between 35 and 37uC with a pH of
7.40. Contractility was measured as tension changes, sampled
using homemade software that was driving two of the four A/D
channels of a Dalanco D310 DSP board (Dalanco Spry,
Rochester, NY) and connected to the transducers. During the
accommodation period (30 minutes) we aimed to create a similar
pre-tension on all bladder strips, obtained by an initial preload of
1 g, and subsequent readjustments were made every 10 min until
this preload remained constant. Each experiment consisted of
5 min of rest, followed by adding carbachol (10 nM) directly to the
bathing solution or replacement of the bathing solution with high
KCl solution (122 mM).
Mechanical sensitivity testing. The mechanical sensitivity
was assessed with Von Frey filaments. Following a habituation
period of 2 h, mice were tested in individual cage with stainless
steel wire grid floor. Stimulation was confined to the lower
abdominal area in the general vicinity of the bladder, and care was
taken to stimulate different areas within this region to avoid
desensitization. Two types of behavior were considered as positive
responses to filament stimulation: sharp retraction of the abdomen
and immediate licking or scratching of the stimulation area. Each
filament was applied for 1–2 sec with an interstimulus interval of
5 sec. We used the ‘‘up and down’’ method [34] to determine the
50% threshold (T50). According to [35] the calculation of the most
reliable threshold requires six successive tries with different
filaments. The formula T50 = Xf+kd (Xf, the last filament used;
k, the Dixon’s table coefficient and d the average of the filament
interval) was applied to determine T50.
Statistical Analysis
All values are reported as mean 6 SEM. Comparisons of the
means observed in different groups were performed using a
Student’s t test or ANOVA, as appropriate (Graphpad Prism 5).
*p,0.05; **p,0.01 and *** p,0.001.
Results
Afferent Nerve Network is Denser in Chronic CYP-treated
Rats
In whole mount stained mucosas, we identified nerve fibers by
the colocalization of PGP9.5 and Tuj1 (Fig. 1A). These fibers were
positive for CGRP and negative for the vesicular acetylcholine
transporter (VAChT), indicating that they represent sensory
nerves rather than motor nerves [36](Fig. 1B). Staining of
peripheral neurites with PGP9.5 antibody in whole mount
mucosas revealed an increase in bladder innervation in CYP-
treated rats (CYPC) (Fig. 1C, D). Analysis of the nerve distribution
pattern revealed an increased branching (9.71.102560.06.1025
segment/mm2 in CYPC compared to 5.35.102560.63.1025
segment/mm2 in control conditions; p,0.001; n = 9 and 8 in
control and CYPc conditions from 3 bladders)(Fig. 1F) and a
decrease of the length of individual neurite segments (from
156.3611.3 mm to 109.665.6 mm in CYPc; p,0.001) (Fig. 1G).
The total density of neurites increased by 33% in CYPc mucosas
compared to controls (respectively, 0.01660.001 mm/mm2 and
0.01260.002 mm/mm2; p,0.05)(Fig. 1H). We also observed the
sprouting of CGRP positive fibers but no appearance of VAChT
antibody staining (Fig. 1H). Taken together, these results
demonstrate an increased afferent innervation in mucosas of
CYPc rats.
The Growth Associated Protein 43 is Overexpressed in
DRG of CYPc Rats
We confirmed the outgrowth of peripheral neurites in the
mucosa by the analysis of the expression of GAP-43, a growth
cone protein related to neurite outgrowth [37]. We found that
GAP-43 transcripts were 2.4-fold more abundant in total DRG in
CYPc compared to controls (p,0.05)(Fig. 2A). Moreover, the
number of GAP-43-positive neurons was 9.461.9% in control and
increased to 19.262.2% in CYPc (p,0.01)(Fig. 2B and 2C). The
data confirmed that the hyperinnervation is associated with nerve
growth in chronically treated rats.
CYPc Rat Bladder is not Innervated by More Bladder
Afferent Neurons
We retrolabelled bladder sensory neurons by the injection of DiI
into the bladder wall and ten days later, DRG were fixed and
sliced to observe fluorescence, as described previously
[14](Fig. 3A). We did not observe any change in the number of
retrogradely labeled neurons in CYPc (9.361.9% neurons/slice, n
= 9 in CYPc DRG; compared to 10.361.9% neurons/slice, n
= 13 in control DRG; p.0.05) (Fig. 3B), indicating that
hyperinnervation of CYPc mucosas is not due to an increased
recruitment of neurons from L6 and S1 DRG.
TRPC1 and TRPC4 are Overexpressed in Bladder-
innervating DRG Neurons in CYP-Treated Rats
To examine whether the induction of chronic cystitis was
accompanied by specific changes in TRP channel transcript levels,
we compared expression of TRPA, TRPCs, TRPMs, TRPMLs
and TRPVs members in L6-S1 DRG from control and CYPc
animals using quantitative RT-PCR. Among all TRP channels
expressed in DRG, only TRPC1 and TRPC4 mRNA was
increased in CYPc rats compared to control rats, respectively
(2.3660.34, p,0.01, n = 8 and 1.8960.46, p,0.05, n = 8)
(Fig. 4A). We also noticed a significant decrease in the expression
of TRPC5 and TRPC6 (p,0.05) (Fig. 4A). The relative expression
levels of TRPM, TRPV, TRPA and TRPML channels were not
significantly modified in CYPc rats (Fig. 4B, 4C, 4D)(p.0.05).
In line with these PCR data, we found that the number of
bladder-neurons that reacted with antibodies raised against
TRPC1 (Fig. 5) and TRPC4 (Fig. 6) was significantly increased
in DRG from CYPc rats. The vast majority of the growing, GAP-
43 positive neurons was also positive to TRPC1 (Fig. 5D)(84/103;
81.5%). Taken together, these results indicate that the CYP-
induced cystitis in rats induces the de novo expression of TRPC1
and TRPC4 in bladder sensory neurons.
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TRPC1 and TRPC4 Inhibition Decreases Sprouting
Induced by Chronic Administration of CYP
To assess a possible involvement of TRPC1 and/or TRPC4 in
the process of neurite sprouting in cystitis, we compared changes
in CYP-treated wild type mice and mice deficient in TRPC1,
TRPC4 and TRPC1/C4 (Trpc12/2, Trpc42/2 and Trpc1/c42/
2 mice).
In vehicle-treated animals, we did not observe any significant
difference in the innervation pattern of the bladder between wild
type, Trpc12/2, Trpc42/2 and Trpc1/c42/2 mice. Like in rats,
we found that CYP treatment in mice caused a striking increase in
the number of neurite segments and density of neurites and a
decrease of the average neurite length. Similar CYP-induced
changes in innervation were observed in Trpc12/2 and Trpc42/2
mice. In contrast, CYP treatment did not increase bladder
innervations in Trpc1/c42/2 mice (Fig. 7). These results support
the hypothesis that TRPC1 and TRPC4 are responsible for the
neuronal sprouting in the inflamed bladder.
Inhibition of CYP-induced Sprouting Ameliorated
Overactive Bladder Phenotype
To test whether nerve sprouting played a role in the CYP-
induced bladder overactivity, we performed cystometry in vehicle-
and CYP-treated wild type and Trpc1/c42/2 mice. The
urodynamic hallmark of bladder overactivity is the increase in
void frequency when saline solution is infused at a constant rate
into the bladder. The cystometry measures the intravesical
pressure and each peak indicates bladder contraction and leads
to voiding of urine. The most relevant parameter to assess bladder
overactivity is the intercontractile interval. Following vehicle
treatment, no significant differences were found between geno-
types in urodynamic pattern (respectively in WT and Trpc1/c42/
Figure 1. Sensory neurites sprouting in bladder wall in CYPc rats. A, Nerve fibers stained for PGP9.5 and Tuj1 in whole mount urothelium -
scale bar : 50 mm. B, Fibers are stained by CGRP antibody but not by VAChT antibody in control condition. C, PGP9.5 staining of whole mount bladder
mucosa in control and CYP-treated rats. D, Line representation showing neurites based on the images in panel C, illustrating increased outgrowth in
CYPc. E-G, Statistical comparison of neurite segments (E), neurite length (F) and neurite density (G) between control and CYPc rats. H, Neurite fibers
observed in CYPc are stained by CGRP but by VAChT antibody.
doi:10.1371/journal.pone.0069550.g001
Figure 2. Cyclophosphamide treatment induces overexpression of GAP-43 in DRG. A, qRT-PCR analysis of GAP-43 transcripts in L6-S1 DRG
shows a significant increase of GAP-43 expression after CYP treatment. B, Neurite outgrowth marker GAP-43 staining in DRG of control and CYPc rats.
C, Quantification of number of GAP-43 positive cells in bladder-innervating DRG - scale bar: 50 mm.
doi:10.1371/journal.pone.0069550.g002
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2; intercontractile interval: 3.660.2 min and 3.660.3 min;
p.0.05; baseline: 4.260.3 cmH20 and 5.060.3 cmH20;
p.0.05; voiding volume: 72.867.2 ml/void and 72.269.1 ml/
void; p.0.05; n = 9 WT and 5 Trpc1/c42/2 mice)(Fig. 8A and
8B). In line with previous work, chronically injected CYP induced
bladder overactivity in WT (Fig. 8A). However, following
treatment bladder overactivity was less pronounced in Trpc1/
c42/2 mice with a longer intercontractile interval (Fig. 8A, 8C)
whereas the baseline pressure (8.460.4 cmH20 and 7.760.2
cmH20, p.0.05) and the amplitude (37.661.3 cmH20 and
35.261.6 cmH20) were not modified.
Although expression of TRPC1 and TRPC4 has never been
reported in the detrusor, TRPC1 and TRPC4 were detected with
immunohistochemistry respectively in the urothelium and sub-
urothelium [31]. To investigate a possible contribution of TRPC1
and TRPC4 to detrusor physiology, we performed isolated muscle
strip contractility measurements. We did not observe any
difference between the WT and the Trpc1/c42/2 strips force in
controls and CYPc conditions when stimulated with carbachol
(10 nM) or a depolarizating KCl (122 mM) solution (Fig. 8D, 8E).
CYPc mice exhibited an increased referred hyperalgesia [28].
We tested whether a reduced sprouting induced a decreased pain
behavior with Von Frey filament. The pain threshold was not
different between WT and Trpc1/c42/2 mice in control
conditions (respectively 0.0960.04 g; n = 6 and 0.1060.05 g; n
= 6; p.0.05). The threshold-decreased amplitude was not
statistically modified in CYPc WT and Trpc1/c4
2/2
(273.569.3% and 279.965.4%; p.0.05).
We can conclude that bladder function of Trpc1/c42/2 mice is
less altered following chronic CYP treatment.
Discussion
Here we have presented several lines of evidence supporting a
previously unrecognized role for TRPC1 and TRPC4 in the
development of bladder overactivity, as crucial mediators of
sprouting and nerve outgrowth of sensory neurons innervating the
bladder wall. We show (1) that sprouting of afferent neurons is a
hallmark of CYP-induced cystitis in rats and mice, without
recruitment of new fibres, (2) that the expression of TRPC1 and
TRPC4 is increased in bladder-innervating sensory neurons of
CYP-treated animals, (3) that double knock-out mice (Trpc1/c42/
2) fail to develop increased innervation of the bladder wall
following CYP-treatment, and (4) finally that CYP-induced
bladder overactivity is less pronounced in these Trpc1/c42/2
mice.
A sensory signal originating from the bladder is processed by the
central nervous system and in a socially convenient time and
space, the detrusor contracts and the sphincter relaxes to expel
urine. Afferent activity is mainly triggered by Ah and C-fibres.
They express a wide variety of ion channels among them TRP
channels [38], which are potential novel pharmacological targets
Figure 3. CYPc bladders are not innervated by more sensory neurons. A, Imaging of retrolabelled bladder neurons with DiI dye - scale bar:
50 mm. B, The quantitative analysis shows that bladder is not innervated by more afferent neurons.
doi:10.1371/journal.pone.0069550.g003
Figure 4. TRP expression screening in DRG of CYPc rats. A–D,
qRT-PCR analysis of Trpc (A), Trpm (B), Trpv (C), and Trpa1 and Trpml
(D) mRNA shows an up-regulation of Trpc1 and Trpc4 transcripts and a
decreased expression of Trpc5 and Trpc6 transcripts in L6-S1 DRG of
CYP-treated rats.
doi:10.1371/journal.pone.0069550.g004
TRPCs Induce Sensory Neuron Sprouting in Cystitis
PLOS ONE | www.plosone.org 6 July 2013 | Volume 8 | Issue 7 | e69550
to treat overactive bladder [39]. Many groups reported morpho-
logical changes in neuron size, excitability and hyperinnervation in
overactive bladder patients [10–13]. Moreover, in an acute CYP-
induced overactive bladder, Dikson and colleagues described a
peptidergic and parasympathetic fibres sprouting in the mucosa
[40]. We recently standardized and characterized a chronic CYP-
induced overactive bladder model in mice that is closely related to
human pathology [28]. We firstly analyzed cystometry of treated
rats with the same protocol and showed that mice and rats
urodynamics features were similar. We previously showed that
cultured urothelium cells released more NGF in CYP-treated
conditions [28] and that might trigger the upregulation of TRPC1
and TRPC4 genes in DRG as neutrophins are known to regulate
TRP gene expression in murine mucosa [41] and urothelium
(Schnegelsberg et al., 2010).
Our study highlights a crucial role of both TRPC1 and TRPC4
in bladder-afferent nerve sprouting and in bladder dysfunction in a
chemically induced overactive bladder model. Our qPCR data
indicate increased expression of TRPC1 and TRPC4 mRNA in
DRG neurons following CYPc treatment. Although some
antibody aspecificity cannot be fully excluded, immunohistochem-
istry using previously described anti-TRPC1 and anti-TRPC4
Figure 5. TRPC1 is upregulated in bladder-innervating neurons in CYPc rats. A, B Immunocytochemistry of TRPC1 in DRG of control and
CYPc rats, retrolabelled with DiI - scales bar: 50 mm. C, Quantitative analysis of colocalization of DiI and TRPC1. D, Immunohistochemistry showing
that a majority of GAP-43 positive neurons are TRPC1 positive in CYPc rats – scale bar: 20 mm.
doi:10.1371/journal.pone.0069550.g005
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antibodies [30,31] confirmed the increased expression of TRPC1
and TRPC4 in DRG neurons, and more specifically in neurons
innervating the bladder. TRPC1 and TRPC4 are able to form
heterotetrameric channels with properties that differ from TRPC1
and TRPC4 homotetramers [42], at least in vitro. We found that
Trpc1/c42/2 mice showed no increase in the innervations density
of the bladder wall following CYP-treatment, whereas the
individual single knockout mouse strains (Trpc12/2 and
Figure 6. TRPC4 is upregulated in bladder-innervating neurons in CYPc rats. A, B Immunocytochemistry of TRPC4 in DRG of control and
CYPc rats, retrolabelled with DiI - scales bar: 50 mm. C, Quantitative analysis of colocalization of DiI and TRPC4.
doi:10.1371/journal.pone.0069550.g006
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Trpc42/2 mice) developed the same degree of hyperinnervation
as the wild type mice. This speaks against a crucial role for
TRPC1-TRPC4 heteromultimeric channels in bladder-innervat-
ing neurons, and rather suggests that TRPC1 and TRPC4 have
overlapping functions and can compensate for each other’s loss in
the single knockout mice. We cannot rule out compensatory
mechanism to explain the lack of phenotype in Trpc12/2 and
Trpc42/2 mice. However, earlier studies did not report compen-
sation by other TRPs or ion channels in other systems [43,44].
TRPC channels have been previously implicated in neurite
growth and chemotrophic guidance of neuronal endings by
regulating calcium concentration in the growth cone [21,23].
Interestingly, in hippocampal neurons, overexpression of domi-
nant negative TRPC5 leads to significantly longer neurite
suggesting an inhibitory role for the channel [20]. In this regard,
we noticed a decrease TRPC5 expression in bladder-afferent
neurons following CYP-treatment in rat which might suggest a
similar role in those neurons.
We found no evidence for a specific role of TRPC1 and TRPC4
in detrusor function in control and CYPc condition, as muscle
strips from Trpc1/c42/2 behaved similarly upon carbachol and
high K+ stimulation. This further supports the contention that the
cystometric phenotype observed in double knock mice is related to
altered sprouting of sensory fibers rather than to changes in
bladder smooth muscle functioning. The afferent innervation in
bladder mucosa also contributes to the mechano- and chemo-
sensation of bladder. Increased innervation is therefore expected
to affect bladder function by increased sensory detection
capabilities. On the one hand, more neurites in bladder mucosa
results in an increase in P2X3 density [13], which might lead to
Figure 7. CYP-induced peripheral sprouting is abolished in Trpc1/c42/2 mice. A, PGP9.5 staining in whole mount bladder mucosa in
control and CYP-treated wild type, TRPC1, TRPC4 and TRPC1/C4 deficient mice - scale bar : 50 mm. B–D, Quantitative analysis of neurite segments (B),
neurite length (C) and neurite density (D) shows a normal innervation in treated Trpc1/c42/2 mice.
doi:10.1371/journal.pone.0069550.g007
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Figure 8. CYP-induced bladder overactivity is decreased in Trpc1/c42/2mice. A, Typical urodynamic traces of WT and Trpc1/c42/2 mice in
vehicle or following CYP treatment. B,C, Analysis of intercontractile interval in vehicle (B) and CYP-treatment mice (C) in WT and Trpc1/c42/2 mice
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the afferent hyperexcitability [2] upon an enhanced ATP release
in CYP-treated rodents [45].
As mentioned earlier, L6-S1 DRG innervate diverse organs (i.e.
colon, skin [46,47] and single bladder-innervating neurons may
also have branches innervating the skin [46]. Moreover, cystitis
induces cross-sensitization of DRG neurons [47]. In this respect, it
was somewhat surprising that the Trpc1/c42/2 mice developed
the same degree of mechanical hyperalgesia of the lower abdomen
following CYP treatment as wild type mice. It should be noted,
however, that specific visceral pain is difficult to quantify and
mainly assessed as a globally increased abdominal sensitivity.
Therefore, we cannot fully exclude a contribution of TRPC1 and
TRPC4 to CYPc-induced bladder pain.
In conclusion, our data indicated that TRPC1 and TRPC4 are
important players in the development of bladder dysfunction in
the CYP-induced overactive bladder, by promoting bladder-
afferent sprouting in mucosa. Further studies will be necessary to
understand the underlying mechanisms by which TRPC1 and
TRPC4 promote de novo nerve growth in murine cystitis.
Supporting Information
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(TIF)
Acknowledgments
The authors gratefully thank the members of the Laboratory of Ion
Channel Research for the helpful discussions.
Author Contributions
Conceived and designed the experiments: MB PU TV DDR RV.
Performed the experiments: MB PU SP. Analyzed the data: MB PU.
Contributed reagents/materials/analysis tools: MF LB. Wrote the paper:
MB TV DDR RV.
References
1. Fowler CJ, Griffiths D, De Groat WC (2008) The neural control of micturition.
Nat Rev Neurosci 9: 453–466. doi:10.1038/nrn2401.
2. De Groat WC, Yoshimura N (2009) Afferent nerve regulation of bladder
function in health and disease. Handb Exp Pharmacol: 91–138. doi:10.1007/
978-3-540-79090-7-4.
3. Hu T-W, Wagner TH, Bentkover JD, LeBlanc K, Piancentini A, et al. (2003)
Estimated economic costs of overactive bladder in the United States. Urology
61: 1123–1128.
4. Irwin DE, Milsom I, Hunskaar S, Reilly K, Kopp Z, et al. (2006) Population-
based survey of urinary incontinence, overactive bladder, and other lower
urinary tract symptoms in five countries: results of the EPIC study. Eur Urol 50:
1306–14; discussion 1314–5. doi:10.1016/j.eururo.2006.09.019.
5. Irwin DE, Mungapen L, Milsom I, Kopp Z, Reeves P, et al. (2009) The
economic impact of overactive bladder syndrome in six Western countries. BJU
Int 103: 202–209. doi:10.1111/j.1464–410X.2008.08036.x.
6. Irwin DE, Milsom I, Chancellor MB, Kopp Z, Guan Z (2010) Dynamic
progression of overactive bladder and urinary incontinence symptoms: a
systematic review. Eur Urol 58: 532–543. doi:10.1016/j.eururo.2010.06.007.
7. Vizzard MA (2001) Alterations in neuropeptide expression in lumbosacral
bladder pathways following chronic cystitis. J Chem Neuroanat 21: 125–138.
8. Vizzard MA, Erdman SL, De Groat WC (1996) AID-CNE5.3.0.CO;2-Y.
9. Okragly AJ, Niles AL, Saban R, Schmidt D, Hoffman RL, et al. (1999) Elevated
tryptase, nerve growth factor, neurotrophin-3 and glial cell line-derived
neurotrophic factor levels in the urine of interstitial cystitis and bladder cancer
patients. J Urol 161: 438–41; discussion 441–2.
10. Hand JR (1949) Interstitial cystitis; report of 223 cases (204 women and 19 men).
J Urol 61: 291–310.
11. Christmas TJ, Rode J, Chapple CR, Milroy EJ, Turner-Warwick RT (1990)
Nerve fibre proliferation in interstitial cystitis. Virchows Arch A Pathol Anat
Histopathol 416: 447–451.
12. Lundeberg T, Liedberg H, Nordling L, Theodorsson E, Owzarski A, et al.
(1993) Interstitial cystitis: correlation with nerve fibres, mast cells and histamine.
Br J Urol 71: 427–429.
13. Dang K, Lamb K, Cohen M, Bielefeldt K, Gebhart GF (2008) Cyclophospha-
mide-induced bladder inflammation sensitizes and enhances P2X receptor
function in rat bladder sensory neurons. J Neurophysiol 99: 49–59. doi:10.1152/
jn.00211.2007.
14. Du S, Araki I, Yoshiyama M, Nomura T, Takeda M (2007) Transient receptor
potential channel A1 involved in sensory transduction of rat urinary bladder
through C-fiber pathway. Urology 70: 826–831. doi:10.1016/j.urolo-
gy.2007.06.1110.
15. Hayashi T, Kondo T, Ishimatsu M, Yamada S, Nakamura K, et al. (2009)
Expression of the TRPM8-immunoreactivity in dorsal root ganglion neurons
innervating the rat urinary bladder. Neurosci Res 65: 245–251. doi:10.1016/
j.neures.2009.07.005.
16. Avelino A, Cruz C, Nagy I, Cruz F (2002) Vanilloid receptor 1 expression in the
rat urinary tract. Neuroscience 109: 787–798.
17. Gees M, Colsoul B, Nilius B (2010) The role of transient receptor potential
cation channels in Ca2+ signaling. Cold Spring Harb Perspect Biol 2: a003962.
doi:10.1101/cshperspect.a003962.
18. Elg S, Marmigere F, Mattsson JP, Ernfors P (2007) Cellular subtype distribution
and developmental regulation of TRPC channel members in the mouse dorsal
root ganglion. J Comp Neurol 503: 35–46. doi:10.1002/cne.21351.
19. K Cui XY (2007) TRP Channels and Axon Pathfinding. In: WB Liedtke SH,
editor. TRP Ion Channel Function in Sensory Transduction and Cellular
Signaling Cascades. Frontiers in Neuroscience.
20. Greka A, Navarro B, Oancea E, Duggan A, Clapham DE (2003) TRPC5 is a
regulator of hippocampal neurite length and growth cone morphology. Nat
Neurosci 6: 837–845. doi:10.1038/nn1092.
21. Wu D, Huang W, Richardson PM, Priestley J V, Liu M (2008) TRPC4 in rat
dorsal root ganglion neurons is increased after nerve injury and is necessary for
neurite outgrowth. J Biol Chem 283: 416–426. doi:10.1074/jbc.M703177200.
22. Li Y, Jia Y-C, Cui K, Li N, Zheng Z-Y, et al. (2005) Essential role of TRPC
channels in the guidance of nerve growth cones by brain-derived neurotrophic
factor. Nature 434: 894–898. doi:10.1038/nature03477.
23. Shim S, Goh EL, Ge S, Sailor K, Yuan JP, et al. (2005) XTRPC1-dependent
chemotropic guidance of neuronal growth cones. Nat Neurosci 8: 730–735.
doi:10.1038/nn1459.
24. Freichel M, Suh SH, Pfeifer A, Schweig U, Trost C, et al. (2001) Lack of an
endothelial store-operated Ca2+ current impairs agonist-dependent vasorelax-
ation in TRP42/2 mice. Nat Cell Biol 3: 121–127. doi:10.1038/35055019.
25. Dietrich A, Kalwa H, Storch U, Mederos y Schnitzler M, Salanova B, et al.
(2007) Pressure-induced and store-operated cation influx in vascular smooth
muscle cells is independent of TRPC1. Pflu¨gers Archiv: European journal of
physiology 455: 465–477. doi:10.1007/s00424-007-0314-3.
26. Vera PL, Wang X, Meyer-Siegler KL (2008) Upregulation of macrophage
migration inhibitory factor (MIF) and CD74, receptor for MIF, in rat bladder
during persistent cyclophosphamide-induced inflammation. Exp Biol Med
(Maywood) 233: 620–626. doi:10.3181/0709-RM-240.
27. Vera PL, Iczkowski KA, Wang X, Meyer-Siegler KL (2008) Cyclophosphamide-
induced cystitis increases bladder CXCR4 expression and CXCR4-macrophage
migration inhibitory factor association. PLoS One 3: e3898. doi:10.1371/
journal.pone.0003898.
28. Boudes M, Uvin P, Kerselaers S, Vennekens R, Voets T, et al. (2011) Functional
Characterization of a Chronic Cyclophosphamide-Induced Overactive Bladder
Model in Mice. Neurourology and Urodynamics 1665: 1659–1665.
doi:10.1002/nau.
29. Boudes M, Sar C, Menigoz A, Hilaire C, Pe´quignot MO, et al. (2009) Best1 is a
gene regulated by nerve injury and required for Ca2+-activated Cl- current
expression in axotomized sensory neurons. J Neurosci 29: 10063–10071.
doi:10.1523/JNEUROSCI.1312-09.2009.
30. Louis M, Zanou N, Van Schoor M, Gailly P (2008) TRPC1 regulates skeletal
myoblast migration and differentiation. J Cell Sci 121: 3951–3959. doi:10.1242/
jcs.037218.
shows that double knock-out mice are functionally less affected by CYP treatment. D, Typical muscle strip contractility traces of WT mice in control
and in CYPc rats activated by 10 nM of carbachol. The statistical analysis of carbachol-induced contraction of muscle strips did not show difference
between the two genotypes in CYPc mice. E, Typical traces of muscle strip contractility of WT mice stimulated with high KCl concentration (122 mM).
There is no difference between WT and Trpc1/c42/2 in control and CYPc conditions.
doi:10.1371/journal.pone.0069550.g008
TRPCs Induce Sensory Neuron Sprouting in Cystitis
PLOS ONE | www.plosone.org 11 July 2013 | Volume 8 | Issue 7 | e69550
31. Yu W, Hill WG, Apodaca G, Zeidel ML (2011) Expression and distribution of
transient receptor potential (TRP) channels in bladder epithelium. Am J Physiol
Renal Physiol 300: F49–59. doi:10.1152/ajprenal.00349.2010.
32. Schnegelsberg B, Sun T-T, Cain G, Bhattacharya A, Nunn PA, et al. (2010)
Overexpression of NGF in mouse urothelium leads to neuronal hyperinnerva-
tion, pelvic sensitivity, and changes in urinary bladder function. Am J Physiol
Regul Integr Comp Physiol 298: R534–47. doi:10.1152/ajpregu.00367.2009.
33. Uvin P, Everaerts W, Pinto S, Alpı´zar YA, Boudes M, et al. (2012) The use of
cystometry in small rodents: a study of bladder chemosensation. J Vis Exp.
doi:10.3791/3869.
34. Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL (1994) Quantitative
assessment of tactile allodynia in the rat paw. J Neurosci Methods 53: 55–63.
35. Dixon WJ (1980) Efficient analysis of experimental observations. Annu Rev
Pharmacol Toxicol 20: 441–462. doi:10.1146/annurev.pa.20.040180.002301.
36. Gnanamanickam GJE, Llewellyn-Smith IJ (2011) Innervation of the rat uterus at
estrus: a study in full-thickness, immunoperoxidase-stained whole-mount
preparations. J Comp Neurol 519: 621–643. doi:10.1002/cne.22515.
37. Skene JH (1989) Axonal growth-associated proteins. Annu Rev Neurosci 12:
127–156. doi:10.1146/annurev.ne.12.030189.001015.
38. Sun B, Li Q, Dong L, Rong W (2010) Ion channel and receptor mechanisms of
bladder afferent nerve sensitivity. Auton Neurosci 153: 26–32. doi:10.1016/
j.autneu.2009.07.003.
39. Andersson K-E, Gratzke C, Hedlund P (2010) The role of the transient receptor
potential (TRP) superfamily of cation-selective channels in the management of
the overactive bladder. BJU Int 106: 1114–1127. doi:10.1111/j.1464-
410X.2010.09650.x.
40. Dickson A, Avelino A, Cruz F, Ribeiro-da-Silva A (2006) Peptidergic sensory
and parasympathetic fiber sprouting in the mucosa of the rat urinary bladder in
a chronic model of cyclophosphamide-induced cystitis. Neuroscience 141: 1633–
1647.
41. Merrill L, Girard BM, May V, Vizzard MA (2012) Transcriptional and
Translational Plasticity in Rodent Urinary Bladder TRP Channels with Urinary
Bladder Inflammation, Bladder Dysfunction, or Postnatal Maturation. J Mol
Neurosci. doi:10.1007/s12031-012-9867-5.
42. Stru¨bing C, Krapivinsky G, Krapivinsky L, Clapham DE (2001) TRPC1 and
TRPC5 form a novel cation channel in mammalian brain. Neuron 29: 645–655.
43. Yildirim E, Carey MA, Card JW, Dietrich A, Flake GP, et al. (2012) Severely
blunted allergen-induced pulmonary Th2 cell response and lung hyperrespon-
siveness in type 1 transient receptor potential channel-deficient mice.
Am J Physiol Lung Cell Mol Physiol 303: L539–49. doi:10.1152/
ajplung.00389.2011.
44. Tiruppathi C, Freichel M, Vogel SM, Paria BC, Mehta D, et al. (2002)
Impairment of store-operated Ca2+ entry in TRPC4(2/2) mice interferes with
increase in lung microvascular permeability. Circ Res 91: 70–76.
45. Smith CP, Vemulakonda VM, Kiss S, Boone TB, Somogyi GT (2005)
Enhanced ATP release from rat bladder urothelium during chronic bladder
inflammation: effect of botulinum toxin A. Neurochem Int 47: 291–297.
doi:10.1016/j.neuint.2005.04.021.
46. Shibata Y, Ugawa S, Imura M, Kubota Y, Ueda T, et al. (2011) TRPM8-
expressing dorsal root ganglion neurons project dichotomizing axons to both
skin and bladder in rats. Neuroreport 22: 61–67. doi:10.1097/
WNR.0b013e3283424c9c.
47. Brumovsky PR, Feng B, Xu L, McCarthy CJ, Gebhart GF (2009) Cystitis
increases colorectal afferent sensitivity in the mouse. Am J Physiol Gastrointest
Liver Physiol 297: G1250–8. doi:10.1152/ajpgi.00329.2009.
TRPCs Induce Sensory Neuron Sprouting in Cystitis
PLOS ONE | www.plosone.org 12 July 2013 | Volume 8 | Issue 7 | e69550
